completely free of mechanism-based side effects. Recently, we have reported that BACE1 null mice have axon guidance defects in olfactory sensory neuron (OSN) projections to glomeruli in the olfactory bulb. Here, we show that BACE1 deficiency also causes an axon guidance defect in the hippocampus: a shortened and disorganized infrapyramidal bundle (IPB) of the mossy fiber projection from the dentate gyrus to CA3. Although we observed that a classical axon guidance molecule, EphA4, was cleaved by BACE1 when co-expressed with BACE1 in HEK293 cells, we could find no evidence of BACE1 processing of EphA4 in the brain. Remarkably, we discovered that the axon guidance defects of BACE1 -/-mice were strikingly similar to those of mice deficient in a recently identified BACE1 substrate, the neural cell adhesion molecule close homolog of L1 (CHL1) that is involved in neurite outgrowth. CHL1 undergoes BACE1-dependent processing in BACE1 +/+ , but not BACE1 -/-, hippocampus and olfactory bulb, indicating that CHL1 is a Taken together, these results strongly suggest that 1) excessive cerebral Aβ levels can cause AD, 2) reducing cerebral Aβ levels should be beneficial for AD, and 3) therapeutic strategies that decrease BACE1 cleavage of APP should prevent, if not treat, AD. Indeed, the latter point has been intensely pursued since the discovery of BACE1, and several pharmaceutical companies have recently entered clinical trials with small molecule BACE1 inhibitor drug candidates.
To determine whether therapeutic BACE1 inhibition would cause mechanismbased toxicity, several lines of BACE1 null mice were generated by gene targeting (13) (14) (15) . Initial reports indicated that BACE1 -/-mice were viable, fertile, and devoid of abnormalities.
However, upon closer examination BACE1
-/-mice were found to have several subtle phenotypes that involved memory deficits (16) (17) (18) , hypomyelination (19, 20) , reduced survival and growth retardation (21) , irregularities in neuronal excitability and electrophysiology (17, 21, 22) , seizure (22, 23) , reduced dendritic spine density (24) , schizophrenia endophenotypes (24) , and axon guidance defects (1, 25) . Although these BACE1 null abnormalities are relatively mild, they are complex neurological phenotypes that raise a concern that BACE1 inhibitors may not be completely free of mechanism-based side effects.
The phenotypes of BACE1 -/-mice are the result of deficient processing of BACE1 substrates. For example, hypomyelination is caused by reduced BACE1 cleavage of type III neuregulin-1 (NRG1) that results in decreased release of the NRG1 EGF-like domain that signals to glia to myelinate axons (19, 20) . Initially, a small number of BACE1 substrates were discovered through individual studies (26) . However, the list of potential BACE1 substrates has recently grown considerably because of the use of traditional and novel proteomics screening methods (27) (28) (29) . Recent reports suggest that molecules involved in axon guidance, neurite outgrowth, and synapse formation are BACE1 substrates. For example, members of the ephrin and Eph receptor families of axon guidance molecules were identified as BACE1 substrates in a proteomics screen using non-neuronal cell lines (27) . More recently, the neural cell adhesion molecules L1 and close homolog of L1 (CHL1) were shown to be BACE1 substrates in primary neuron cultures and in the brain (28, 29) . The roles of L1 and CHL1 in neurite outgrowth and the ephrins and Eph receptors in axon guidance, together with the fact that BACE1 expression is elevated during the early postnatal period (19) , a time of substantial axon outgrowth, guidance, and synapse formation, suggest that BACE1 -/-mice may have phenotypes related to axon outgrowth and guidance caused by deficient processing of these substrates. Association of specific substrates with given BACE1 null phenotypes is critical for molecular understanding of BACE1 functions and for devising future strategies to avoid potential mechanism-based side effects of therapeutic BACE1 inhibition.
Recently, we (1) and other investigators (25) reported that BACE1 -/-mice exhibit defects in the guidance of olfactory sensory neuron (OSN) axons to odorant receptor (OR)-specific glomeruli in the olfactory bulb. Because OSNs regenerate throughout life and require on-going axon guidance in the adult, we reasoned that BACE1 deficiency might cause axon mistargeting in other adult axon regenerating and neurogenic systems in BACE1 -/-mice. Therefore, we sought to determine whether axon guidance errors occurs in other neuron populations in BACE1 -/-mice and, if so, to identify the responsible BACE1 substrate. We chose to investigate axon guidance in a population of neurons that undergo adult neurogenesis and that are critical for hippocampus-dependent memory function: dentate gyrus granule cells, which project axons (mossy fibers) to CA3 pyramidal neurons. Importantly, mossy fiber terminals exhibit robust expression of BACE1 (17, 30) .
We report here that BACE1 null mice exhibit mossy fiber axon guidance abnormalities consisting of a shortened infrapyramidal bundle (IPB) and IPB axons that traverse the CA3 pyramidal cell layer prematurely. The hippocampal mossy fiber and OSN axon guidance defects of BACE1 -/-mice strikingly resemble those of CHL1 null mice (31, 32) . BACE1
-/-primary hippocampal neurons in culture had decreased axon length, in accord with the role of CHL1 in axon outgrowth. Although EphA4, an axon guidance molecule involved in mossy fiber topographic mapping, was cleaved by BACE1 in vitro, it did not appear to be a BACE1 substrate in vivo. In addition, BACE1 -/-hippocampal neurons had deficient, rather than enhanced, growth cone collapse induced by the EphA4 ligand ephrinB3. In contrast, CHL1 exhibited robust processing by BACE1 in hippocampus and olfactory bulb, brain regions that exhibit axon-targeting errors in BACE1 -/-mice. CHL1 co-localized with BACE1 in presynaptic terminals of the hippocampus and olfactory bulb and in growth cones of primary hippocampal neurons in culture. Moreover, CHL1 levels were higher in BACE1 -/-hippocampus and olfactory bulb than in wild-type, as expected from abrogated BACE1 cleavage and subsequent elevation of CHL1 steady-state levels. Our results confirm that CHL1 is a BACE1 substrate in vivo. Furthermore, we conclude that deficient BACE1 processing of CHL1 produces a CHL1 loss-of-function phenotype that involves axon guidance defects in the brain.
EXPERIMENTAL PROCEDURES Mice -BACE1
-/-mice were purchased from The Jackson Laboratory (Bar Harbor, ME) (15) . BACE1 +/-was used for breeding and all wild-type controls used were BACE1 +/+ mice were euthanized at the ages of 7 days, 3 weeks, 6 weeks, 3 months of age and brain tissue harvested for biochemical and histological analyses. Mice older than 8 days were deeply anesthetized with intraperitoneal injection of ketamine (200mg/kg)/xylazine (25mg/kg) and then transcardially perfused with HEPES buffer containing protease inhibitors [20 µg/ml phenylmethylsulphonyl fluoride, 0.5 µg/ml leupeptin, 20 µM sodium orthovanadate, and 100 µM dithiothreitol (DTT)] before brain harvest. One hemibrain per mouse was fixed at 4º C in 4% paraformaldehyde (PFA) in PBS for 24h and then cryopreserved in 30% (w/v) sucrose for >24 h. The other hemibrain was dissected to isolate the hippocampus and olfactory bulb and these tissue portions were flash frozen in liquid nitrogen for biochemical analysis. Hippocampi and olfactory bulbs were homogenized in PBS 1% Triton-X 100 with 1X Calbiochem Protease Inhibitor Cocktail Set I (EMD Biosciences, La Jolla, CA) using a tube and pestle single use dounce homogenizer. Total protein concentrations of hippocampal homogenates were determined by the BCA method (Pierce, Rockford, IL). Hemibrains and olfactory bulbs used for immunofluorescence tissue section staining were drop fixed in 10% formalin/PBS for 16 hours at 4°C then cryopreserved in 20% (w/v) sucrose/PBS for 24 h then maintained in 30% (w/v) sucrose at 4°C until sectioning. 20-40 µm coronal sections were cut from formalinfixed brains on a freezing sliding microtome and collected in 0.1 M PBS with 0.01% sodium azide.
Immunofluorescence microscopy of tissue sections -Coronal sections of either 20 µm (for synaptoporin/MAP2 co-labeling of mossy fiber terminals) or 40 µm (for all other experiments) with equivalent rostral-caudal locations were selected using anatomical landmarks and the size and shape of the hippocampus and ventricles. Free-floating sections were washed in TBS + 0.25% Triton-X 100 (TBS+T) and blocked for 90 min. in 5% goat serum before being incubated in primary antibodies (Synaptoporin: Rb pAb, Synaptic Systems, 102 002, 1:250; MAP2: Ms mAb, gift from Lester Binder, 1:250; BACE1: Rb mAb D10E5, Cell Signaling, 5606, 1:250, or Rab mAb, Epitomics, 2882-1, 1:250; CHL1: Gt pAb, R&D Systems, AF2147, 1:250; NCAM1: Rat mAb, Genetex H28-123, 1:200; Synaptophysin, Ms mAb, Millipore, MAB5258-20UG, 1:500) in TBS+T, 1% bovine serum albumin (BSA) at 4º C overnight on an orbital shaker. In some cases, sections were incubated in primary antibody at 37°C for 2 hours before being moved to 4°C overnight. For synaptoporin/MAP2 colabeling of mossy fiber terminals, primary antibody incubation was at 4º C for 48 hours. Sections were then washed in TBS+T, 1% BSA and incubated in the dark for 90 min in Alexa-Fluor Donkey anti goat-488 (#A11055), anti mouse-594 (#A21203), and anti rabbit-647 (#A31573) secondary antibodies (1:500) (Invitrogen) along with DAPI (300nM conc.). Secondary antibody incubation was at 4º C for 48 hours for synaptoporin/MAP2 co-labeling of mossy fiber terminals. The extended incubation times for primary and secondary antibodies and the thinner sections were necessary in the experiments examining mossy fiber terminals to permit full tissue penetration of the synaptoporin antibody,
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-/-and CHL1 -/-mice 5 allowing three dimensional Z-stack imaging. Sections were washed in the dark in TBS before mounting with ProLong gold antifade reagent (Life Technologies #P36934) and coverslipping #1.5 (VWR).
Imaging was performed using a 40x (NA 1.3) or 60x (NA 1.4) oil-immersion objective lens on Nikon A1R (olfactory bulb) or a 10X air objective (hippocampus), 20x air objective (hippocampus), or a 40X oil objective (SPB/IPB and stratum lucidum) on a Nikon C1Si laser scanning confocal microscope (Tokyo, Japan). Laser power percentage, gain, and offset settings were held constant for all images acquired and saturation was never reached. OMP-GFP olfactory bulb sections were imaged for GFP and DAPI fluorescence followed by acquisition of zstack images, which were collapsed to the maximum intensity projection using NISElements Advanced Research Ver. 4.0 software. Any further image analysis was performed using ImageJ (NIH).
Measurement of IPB -40 μm coronal sections from 7 BACE1 +/+ and 7 BACE1
-/-brains were selected. Three sections/brain from equivalent rostral-caudal locations were selected using anatomical landmarks and the size and shape of the hippocampus and ventricles. Sections were immunofluorescently labelled for synaptoporin (SPO) as described. Confocal images of all sections were acquired using a Nikon C1Si confocal microscope (Tokyo, Japan) with a 10X air objective. Images were inspected for morphological characteristics of mossy fiber projections and analyzed using ImageJ (NIH). The following measurements were made: IPB length -freehand line drown through middle of the IPB (SPO-positive axon bundle inferior to the pyramidal cell layer) from the end of the pyramidal cell layer to the most distal point of uninterrupted SPO labeling beneath the pyramidal cell layer; SPB length -freehand line drawn through the middle of the SPB (SPO-positive axon bundle superior to the pyramidal cell layer) from the interblade line (line drawn between the tips of the superior and inferior blades of the dentate gyrus) to the IPB/slu junction (line drawn perpendicular to SPB at the point where SPO labeling begins to taper outward); stratum lucidum (slu) length: freeform line drawn through the middle of the slu from the SPB/slu junction to the distal end of the slu. For each section, IPB length was normalized to total length of SPB+slu (IPB/slu ratio). These ratios were averaged over the three sections from each brain. Statistical significance was determined by a two-tailed, unpaired Student's t-test.
Primary hippocampal neuron culture and microscopy -Glass coverslips were washed in nitric acid for 48 hours, washed in distilled water 3x 1 hour, and baked at 180° C overnight, then placed in 60mm culture dishes and coated with 1mg/ml poly-L-lysine (Sigma) overnight at room temperature. Immediately before dissociation of neurons, dishes were washed 3x with sterile water, neuron plating media (Neurobasal A media (Invitrogen), 10% horse serum, 1X B-27 supplement, 1% Pen-Strep, 0.5mM glutamine, 2.5µM glutamate) was added, and dishes were placed in a 37° C, 5% CO 2 incubator. Brains were removed from BACE1 +/+ and BACE1 Growth cone collapse assay -Human ephrin-B3-Fc chimera (Fc-EB3) (R&D Systems) and Fc (Jackson Immuno Research) alone were pre-clustered by incubating with an anti-Fc IgG (Jackson Immuno Research) at a molar ratio of 5:1 (5 Fc-EB3 or Fc:1 IgG) for 1 hour at room temperature. 18 hours after plating, primary hippocampal neuron cultures were treated with 1µg/ml clustered Fc-EB3 or the molar equivalent of clustered Fc for 1 hour at 37° C. The neurons were then fixed and immunofluorescently labeled as described above. One coverslip/dish was labeled for EphA4 to verify clustering of receptors with clustered Fc-EB3 treatment. Four coverslips/dish were labeled with rhodaminephalloidin to visualize actin and immunofluorescently labeled for tubulin. Neurons from these coverslips were imaged via fluorescence microscopy by an experimenter blind to genotype and treatment group, looking only at the green (tubulin) channel, and 25 neurons/coverslip were selected for assessment of growth cone collapse. Selected cells met the following criteria: The neuron must have more than one visible neurite, with one neurite at least twice as long as all other neurites (the axon). The ends of all neurites must be visible and must not cross or contact any part of any other cell. Images of these neurons were taken on the green (tubulin) and red (phalloidin) channels. These images were analyzed by an experimenter blind to genotype and treatment group using ImageJ (NIH). Growth cone area was measured by drawing a freehand selection around all dense phalloidin staining at the end of each axon. In addition, each axon was rated as having an un-collapsed growth cone (dense phalloidin staining that spreads out to form filopodia/lamellipodia) or collapsed growth cone (axon ends with no phalloidindense extensions). The mean growth cone area and percentage of growth cone collapse were calculated for each group (total of 800 cells/treatment condition from 8 individual P0 brains).
Mean and SEM values were determined for each genotype/treatment combination. Statistical significance between treated and untreated dishes of a given genotype and between genotypes with the same treatment was determined using a twotailed unpaired Student's t-test.
Axon length measurements -Primary hippocampal neurons from P0 BACE1 +/+ and BACE1 -/-pups were cultured, labeled and imaged as described above. Images of tubulin labeling in these neurons were analyzed in ImageJ by an experimenter blind to genotype. Axon length was measured by drawing a freehand line along the axon from the axon hillock to the end of tubulin labeling. Mean axon length and SEM was calculated for BACE1 +/+ and BACE1 -/-neurons. Statistical significance was determined by a two-way unpaired Student's t-test.
Cell line culture and transfections -HEK293 cells were maintained in 1X
24 hours before transfection, cells were trypsinized and plated in antibiotic-free media at a concentration of 300,000 cells/ml media in poly-L lysine treated 12-well cell culture plates (Nunc) in a volume of 1ml. Cells were transfected for 6 hours with Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's recommendations. A mixture of 2.2µl of Lipofectamine 2000 per 0.88 µg of DNA was combined in 175µl of OptiMem media (Invitrogen) and added to each well. The following DNA constructs were used: wt hBACE1 in CMV1 plasmid vector(4); hBACE1-D93A (inactive) in CMV1 plasmid vector(34); wt hEphA4-Flag in LZRS plasmid vector (gift from Spiro Gestios); empty CMV1 vector(4). After 6 hours, cells were washed with DPBS and media was replaced with 500µl of OptiMem + 1% Pen-Strep and various concentrations of BACE1 inhibitor IV (C3) (Millipore) in DMSO or DMSO alone. After conditioning cells for 24 hours, cells were placed on ice and 500µl of conditioned media was collected from each well. Cells were then washed with DPBS and lysed in 120µl lysis buffer (50mM Tris HCl pH 8, 150mM NaCl, 1% IGEPAL, 0.5% Na Deoxycholate, 0.1% SDS, 1mM EDTA, 1mM EGTA) + 1X Calbiochem Protease Inhibitor Cocktail Set I (EMD). Lysates were briefly sonicated on ice and cleared at 20,000xg at 4° C for 10 minutes and transferred to a fresh tube. Total protein concentrations of lysates were determined by the BCA method (Pierce).
Immunoblotting -10 -30µg protein from hippocampal and olfactory bulb homogenates or entire eluates from immunoprecipitations were boiled in SDS sample boiling buffer before being separated on 4%-12% NuPAGE Bis-Tris gels in 1× MES or MOPS running buffer (Invitrogen, Carlsbad, CA) or on 8% Tris-glycine gels (CHL1 blot) in 1X Tris-glycine running buffer and transferred to Millipore Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). Total protein was stained with Ponceau S and images of the stained blots were obtained with a scanner. Blots were blocked in 5% non-fat dry milk in Tris-buffered saline (TBS), 0.1% Tween 20 (TBST; Sigma) for 1 hour at room temperature or overnight at 4° C, then incubated in primary antibody (EphA4 Nterminal: Gt pAb, R&D Systems, AF641, 1:1,000; EphA4 C-terminal: Ms mAb 6H7, Millipore, AP1173, 1:1,000; CHL1: Gt pAb, R&D Systems, AF2147, 1:1000; β-tubulin, Ms mAb (gift from Lester Binder) 1:5,000, Millipore, MAB5564, 1:25,000) for 1 hour at RT or overnight at 4°C. Blots were washed in TBST and incubated for 1 hour in horseradish peroxidase (HRP)-conjugated goat anti rabbit (Jackson ImmunoResearch Laboratories, West Grove, PA) or horse anti-mouse (Vector Laboratories) secondary antibodies diluted 1:10,000 in 5% milk in TBST. Immunosignals were detected using enhanced chemiluminescence (EMD Millipore Luminata Classico, Crescendo, or Forte) and quantified using a Kodak Image Station 400R imager (Rochester, NY). Densitometric analyses of immunoblots and images of Ponceau S-stained blots were performed using Kodak Molecular Imaging Software SE. Immunosignals were normalized to wholelane Ponceau S signal or β-tubulin immunosignal. Values were expressed as percentages of the mean of the control.
Immunoprecipitation -EphA4 was immunoprecipitated from hippocampal homogenates from 8 day old and 4 month old BACE1 +/+ and BACE1 -/-mice using Nterminal EphA4 antibodies bound to Protein G Dynabeads (Invitrogen). 1-3µg of antibody (EphA4 N-terminal: Gt pAb, R&D Systems) was combined with 0.75mg of Protein A Dynabeads in 200µl of PBS/0.02% Tween-20 (PBS-T) in a microcentrifuge tube and rotated for 1 hour at room temperature. Beads were collected via magnetic rack and washed once with PBS-T and 500µg of protein from hippocampal homogenates was added to each tube. Tubes were rotated for 1 hour at room temperature. Beads were washed 3x in PBS and resuspended in PBS in a fresh tube. PBS was removed and beads were resuspended in 1x Laemmli sample buffer. Tubes were heated to 95° C for 5 minutes to elute/heat denature proteins and sample was removed from beads via magnetic rack.
Statistical Analysis -Data are presented as means and standard errors of the mean (SEMs, represented by error bars in histograms). Statistical significance between means of experimental and control groups was determined using the two-tailed Student's t test ( * p < 0.05, * * p < 0.01, * * * p < 0.001, **** p<0.0001).
RESULTS

BACE1 -/-hippocampal mossy fibers have reduced infrapyramidal bundle length.
We sought to determine whether axon guidance defects were more widespread, beyond OSN axon targeting errors in the olfactory bulb (1, 25) , in the brains of BACE1 -/-mice. We chose to investigate the hippocampal mossy fiber axons that project from dentate gyrus granule cells to CA3 pyramidal neurons, because they are highly plastic and crucial for memory formation. Moreover, dentate gyrus granule cells undergo adult neurogenesis and therefore require ongoing axon guidance throughout life. BACE1 is highly concentrated in mossy fiber terminals and exhibits an immunostaining pattern that coincides with that of the presynaptic markers synaptophysin (17, 30) and synaptoporin, but not with the somatodendritic marker MAP2 (Fig. 1) . Proximal to the dentate gyrus, mossy fibers are divided into the suprapyramidal (SPB) and infrapyramidal (IPB) bundles that course on the dorsal and ventral sides of the pyramidal cell layer in CA3, respectively (Fig. 1C) . Mossy fibers of the IPB originate from the ventral blade of the dentate gyrus and pass through the pyramidal cell layer at a relatively defined position to join SPB mossy fibers in the stratum lucidum, at which point the IPB ends (Fig. 1A) . We found robust BACE1 immunostaining in SPB and IPB, as well as in stratum lucidum (Fig 1. D, F) .
Previous studies have shown that the length of the IPB varies in different mouse strains, and that longer IPB lengths correlate with improved memory performance (35) . Since BACE1 -/-mice exhibit memory deficits (16-18), we measured the IPB length of BACE1 null and wild-type mice. Although immunostaining of BACE1
-/-adult hippocampal sections for the presynaptic terminal marker synaptoporin showed that the structure of mossy fibers appeared relatively normal overall, close examination revealed that the BACE1 -/-IPB was only ~70% of the length of the wild-type IPB (compare Fig. 2C to 2A; 2E). Our BACE1 -/-colony has been backcrossed with the C57BL/6 strain for over 7 generations, therefore it is unlikely that the short BACE1 null IPB length was the result of strain differences. These results raise the intriguing possibility that impaired BACE1 null memory performance may relate to the short IPB length of BACE1 -/-mice, at least in part. Moreover, they suggest that mossy fiber axon outgrowth is perturbed by BACE1 deficiency.
EphA4 does not appear to be a BACE1 substrate in the hippocampus. To initially test the molecular basis of the BACE1 null IPB abnormality, we investigated members of the ephrin and Eph receptor families since they have well-established roles in axon guidance and topographic mapping in the nervous system (36) . In the hippocampus, a gradient of EphA4 expression in the dentate gyrus is involved in establishing a topographic map of mossy fiber terminal arborizations in CA3 (37) . In addition, ephrinB3 plays a role in determining IPB length, such that ephrinB3 deficiency results in a long IPB (38) . Recently, EphA4 was shown to be a potential BACE1 substrate in vitro (27) , but in vivo validation was not obtained in that study.
We sought to confirm that EphA4 is a BACE1 substrate in vitro and in vivo. For in vitro experiments, we co-transfected BACE1 together with EphA4 into HEK293 cells and assayed conditioned media and cell lysates for BACE1-cleaved EphA4 fragments by immunoblot (Fig. 3) . BACE1 processing of EphA4, a ~130 kDa Type I transmembrane protein, is predicted to occur at a luminal juxtamembrane site to produce a secreted Nterminal fragment (NTF) and a membrane bound C-terminal fragment (CTF). In cells transfected with EphA4 alone, we observed EphA4 ~130 kDa full-length and ~55 kDa CTF bands in lysates and an EphA4 ~75 kDa NTF band in conditioned media (Fig. 3A) . The broad-spectrum matrix metalloprotease inhibitor GM6001 blocks ectodomain shedding of EphA4 (39) , and ADAM8 and ADAM9 metalloproteases have been shown to process another member of the Eph receptor family, EphB4, to produce an NTF and a CTF (40, 41) . Therefore, we reasoned that the fragments we observed with EphA4 transfection alone were likely derived from ADAM processing, in analogy to the α-secretase shedding of APP (42) (Fig. 3A) . These BACE1-associated EphA4 fragments were produced at equal (NTF) or lower (CTF) amounts compared to those that were ADAM-derived (Fig. 3A, B) , analogous to levels of BACE1-processed APP NTF and CTF (4). Importantly, their production was prevented in a dose-dependent manner by BACE1 inhibitor treatment or by transfection with active site mutant BACE1(D93A), proving that these fragments were BACE1-dependent. Taken together, our results suggest that EphA4 is a BACE1 substrate, at least in vitro.
Overexpression of a protease and its substrate in cell culture could artifactually force cleavage that would not normally occur at endogenous enzyme and substrate levels found in tissues. To determine whether EphA4 is a BACE1 substrate in vivo, we performed EphA4 immunoblot analysis of hippocampal homogenates from post-natal and adult BACE1 +/+ and BACE1 -/-mice. Although we observed ADAM-processed ~75 and ~55 kDa EphA4 fragments by immunoblot, we found no evidence of BACE1-dependent ~65 kDa EphA4 NTF and CTF in wild type compared to BACE1 null samples (not shown). If EphA4 was a BACE1 substrate, then we predict that full-length EphA4 steady-state levels should become elevated in BACE1 -/-samples. However, EphA4 immunoblot analysis of hippocampal homogenates from different aged post-natal to adult BACE1 -/-mice showed no differences in full-length EphA4 levels compared to wild-type (Fig. 3C,  D) . Since BACE1-derived fragments could be produced at very low levels in vivo and therefore might be below the level of detection in immunoblots, we concentrated EphA4 fragments from hippocampal homogenates by immunoprecipitation (IP) followed by immunoblot analysis. Again, we were able to detect full-length EphA4 and the ADAMcleaved EphA4 CTF (not shown) and NTF (Fig. 3E) in IP-immunoblots of post-natal and adult samples. Although a doublet was observed just below ~65 kDa in BACE1 +/+ samples where the BACE1-cleaved EphA4 NTF should migrate, the doublet was also present in BACE1 -/-samples demonstrating that it was not BACE1-dependent (Fig. 3E) In spite of the fact that we could not detect the presence of BACE1-cleaved EphA4 fragments in vivo by IP-immunoblot, we explored the possibility that low levels of BACE1 processing of EphA4 could modulate EphA4 signaling and thus regulate axon outgrowth and guidance. To test this, we used a sensitive functional assay of EphA4 signaling: growth cone (GC) collapse of primary hippocampal neurons in response to clustered ephrinB3. EphrinB3 is a known EphA4 ligand (43) and it plays a role in pruning of infrapyramidal mossy fiber axons (38) . Therefore, it seemed reasonable that deficient BACE1 cleavage of EphA4 might elevate EphA4 steady-state levels, increase ephrinB3-EphA4 signaling, and promote mossy fiber GC collapse and axon retraction, resulting in the short BACE1 -/-IPB that we had observed.
To test this hypothesis, we performed GC collapse assays on primary hippocampal neurons derived from BACE1 null and wildtype mice. Immunofluorescence microscopy showed that robust levels of both BACE1 (Fig. 4A, C) and EphA4 (Fig. D, F) were present in GCs. Primary neuron cultures were treated with either clustered ephrinB3-Fc fusion protein or Fc control (Fig. 4G, H) and GC area and collapsed GC percentage were quantified (Fig.  L,  M) . EphA4 immunofluorescence verified that clustered ephrinB3 ligand treatment induced receptor clustering (Fig. 4H) , which is necessary for full Eph signaling (44, 45) . Following clustered Fc control treatment, BACE1
-/-and BACE1 +/+ neurons exhibited similar GC areas and percentages of GC collapse (Fig. 4L, M) . In response to clustered ephrinB3-Fc treatment, both BACE1
-/-and BACE1 +/+ neurons underwent GC collapse. However, contrary to our hypothesis, BACE1 null neurons showed reduced ephrinB3-induced GC area decreases and percent GC collapse increases compared to wild-type neurons (Fig.  4L, M) . In other words, BACE1 -/-neurons exhibited impaired, rather than enhanced, GC collapse in response to ephrinB3. Therefore, our data did not support the hypothesis that EphA4 signaling is elevated in BACE1 null neurons, and hence it was not consistent with the notion that EphA4 is a physiological BACE1 substrate.
BACE1 -/-mice exhibit axon guidance defects that are very similar, if not identical, to those of CHL1
-/-mice. Despite lack of evidence that EphA4 is a physiological BACE1 substrate, GC collapse was still impaired in BACE1 -/-neurons, suggesting that a more general problem with growth cone or axon outgrowth and retraction might be caused by BACE1 deficiency. During our study, two groups reported that the neural cell adhesion molecules L1 and CHL1 are novel BACE1 substrates (28,29). Since L1 and CHL1 play important roles in neurite outgrowth and axon guidance (46), we reasoned that these molecules might be involved in the axon targeting defects we have observed in BACE1 -/-mice, at least in part. In support of this notion, we measured the axon lengths of BACE1 -/-primary hippocampal neurons from our GC collapse experiments and discovered that they were modestly but significantly shorter than those of BACE1 +/+ neurons (Fig. 5) , suggesting that BACE1 deficiency mildly impairs axon outgrowth in vitro.
Gene-targeted null mice for L1 and CHL1 have been generated and characterized previously. L1 -/-mice have hydrocephalus, enlarged ventricles, and severe hypoplasia of certain CNS structures (e.g., hippocampus, corpus callosum, corticospinal tract, cerebellar vermis) (47-49), while CHL1 -/-mice exhibit relatively mild axon mis-targeting in the hippocampus and olfactory bulb (31, 32) . Since L1 -/-abnormalities are markedly more serious than those of BACE1 null, it appeared less likely that abrogation of BACE1 cleavage of L1 could be responsible for the axon guidance defects of the BACE1 -/-mice. Therefore, we compared the BACE1 null phenotype in detail to that of CHL -/-to determine their degree of similarity, and hence evaluate whether deficient BACE1 processing of CHL1 might play a role in the axon outgrowth and guidance phenotypes of the BACE1 -/-mice. Close examination of BACE1 -/-hippocampus and olfactory bulb revealed axon guidance mistakes that are strikingly similar to those previously published for CHL1 -/-mice (31,32). In the wild-type hippocampus, we noted that the IPB was relatively uniform in length and thickness from animal to animal, and mossy fibers rarely crossed into the CA3 pyramidal cell layer (Fig. 6A) . In contrast, BACE1 -/-hippocampi often exhibited IPBs that appeared disorganized or disrupted and had multiple groups of mossy fiber axons that invaded and/or crossed the pyramidal cell layer prior to the termination of the IPB, often obscuring the pyramidal cell layer (Fig 6B-E) . These BACE1 -/-IPB axon guidance defects appeared nearly indistinguishable from those previously reported for CHL1 We previously reported that BACE1
-/-mice have olfactory bulbs with malformed glomeruli and OSN axons that aberrantly target ectopic glomeruli (1). To determine whether the OSN axon guidance defects of BACE1 -/-mice were similar to those of CHL1 -/-, we bred BACE1 -/-mice with gene-targeted mice in which the gene encoding GFP was inserted into the olfactory marker protein (OMP) gene locus (OMP-GFP mice) (33) . OMP-GFP mice express GFP in all OSNs, and all OSN axons projecting to the olfactory bulb exhibit green fluorescence, so that we could sensitively probe axon guidance in the BACEdeficient olfactory system. We observed that OMP-GFP; BACE1 -/-olfactory bulb sections displayed grossly malformed glomeruli and mis-targeted OSN axons that extended beyond the boundaries of the glomerulus as defined by periglomerular cells, including axons that connected more than one glomerulus or passed through the glomerular layer to terminate in the external plexiform layer (Fig.  7) . These BACE1 -/-OSN axon guidance errors appeared highly similar to those exhibited in CHL1 -/-mice (compare -/-mice, suggesting that they arise from abnormalities in a common underlying pathway.
CHL1 is a BACE1 substrate in the hippocampus and olfactory bulb. Given the similarity between the axon guidance defects in BACE1
-/-and CHL1 -/-mice, we next sought to determine whether CHL1 is a BACE1 substrate in the hippocampus and olfactory bulb. CHL1 is a ~180 kDa Type I transmembrane protein that is cleaved by BACE1 to produce a ~170 kDa secreted NTF and a ~10 kDa membrane-bound CTF (28,29). To investigate BACE1 processing of CHL1 in vivo, we analyzed hippocampal and olfactory bulb homogenates from P7 and adult BACE1 +/+ and BACE1 -/-mice by immunoblot using an anti-N-terminal CHL1 antibody (Fig.  8) . In wild-type P7 hippocampal and olfactory bulb homogenates, we detected two bands of approximately equal intensity representing ~180 kDa full-length CHL1 and ~170 kDa CHL1 NTF (Fig. 8A, B , left panels), consistent with previous findings (28,29). Importantly, P7 BACE1 null homogenates exhibited significantly increased intensity of the upper full-length CHL1 band, while the level of the lower CHL1 NTF band was diminished compared to wild-type, suggesting that the ~170 kDa band did indeed represent BACE1-cleaved CHL1 NTF. In P7 BACE1 -/-hippocampal homogenate, we observed an additional CHL1 band that migrated slightly faster than the CHL1 NTF in BACE1 +/+ homogenates (Fig. 8A, left panel) . CHL1 is also a substrate of ADAM8 (50) , and it is possible that the faster migrating BACE1 null CHL1 NTF is derived from increased ADAM8 cleavage of CHL1 as a compensatory mechanism in response to BACE1 deficiency.
We observed that the relative levels of CHL1 full-length and NTF in BACE1 -/-verses BACE1 +/+ P7 hippocampal and olfactory bulb homogenates followed similar patterns in the different brain regions: full-length CHL1 was greater than CHL1 NTF in BACE1 -/-samples, while full-length CHL1 and CHL1 NTF were closer to equal in BACE1 +/+ samples. In agreement, the ratios of the immunoblot signal intensities of CHL1 NTF:full-length CHL1 were significantly higher in BACE1 +/+ verses BACE1 -/-homogenates (Fig. 8C) , and is further evidence that the ~170 kDa band represents BACE1-cleaved CHL1 NTF.
Finally, immunoblot analysis of adult hippocampal and olfactory bulb homogenates produced findings that were similar to those of the P7 samples, except that BACE1 +/+ CHL1 NTF levels appeared lower in adult compared to P7 samples (Fig. 8A, B, right panels) . The lower CHL1 NTF levels in adult BACE1 +/+ homogenates may reflect both the reduced BACE1 levels in adult brain (19) and the reduced neurite outgrowth in mature compared to prenatal brain, a process in which CHL1 is involved. In addition, we observed that the pattern of CHL1 fragments in the adult was different that that in P7, in that there was the presence of an additional band between CHL1 FL and CHL1 β-NTF bands in adult BACE1 hippocampus and olfactory bulb sections with anti-N-terminal CHL1 and anti-BACE1 antibodies followed by confocal microscopy (Fig. 9 ). P7 mice were chosen for analysis because we reasoned that the higher levels of BACE1 and neurite outgrowth in P7 brain would provide more robust co-localization than in adult brain. In BACE1
+/+ hippocampus, we observed that CHL1 and BACE1 immunostaining overlapped significantly in the IPB and SPB/stratum lucidum that contain mossy fiber axons and terminals (Fig. 9A) . Similar to hippocampus, immunostaining of P7 BACE1 +/+ olfactory bulb glomeruli showed significant colocalization of CHL1 and BACE1 in the terminals of OSN axons (Fig. 9B ). CHL1 and BACE1 immunostaining appeared to colocalize within presynaptic synaptophysinpositive mossy fiber and NCAM1-positive OSN axon terminals, both of which exhibit a high degree of synaptic plasticity and require ongoing axon guidance in the adult. CHL1 localization in BACE1 -/-hippocampus or olfactory bulb did not appear significantly different than that in BACE1 +/+ . In order for BACE1 processing of CHL1 to regulate axon outgrowth, we reasoned that BACE1 and CHL1 should colocalize, at least partially, within growth cones of primary hippocampal neurons in culture. Therefore, we triple stained wild-type and BACE1 null hippocampal neuron cultures with anti-BACE1 and anti-CHL1 antibodies and fluorescently tagged phalloidin to label Factin in growth cones. In wild-type growth cones, BACE1 immunostaining was primarily punctate, probably reflecting BACE1 localization in intracellular vesicles, with most of BACE1 puncta concentrated in the axon and central region of the growth cone (Fig. 10 , top two rows). Relatively little BACE1 immunostaining appeared in the region of phalloidin staining in the growth cone. Immunostaining of CHL1 was more distributed throughout the growth cone than that of BACE1 and overlapped considerably with phalloidin staining. Importantly, the highest concentration of CHL1 coincided with the majority of BACE1 in the growth cone central region. This significant overlap of BACE1 and CHL1 is consistent with the hypothesis that CHL1 is a BACE1 substrate in the growth cone during axon outgrowth. The localization of CHL1 in BACE1 -/-growth cones and their morphology appeared unaltered by BACE1 deficiency (Fig. 10,  bottom row) .
Taken together, our results demonstrate that CHL1 and BACE1 overlap to a significant extent in mossy fiber terminals in the hippocampus, OSN axon terminals in the olfactory bulb, and in growth cones of primary hippocampal neurons, obviously a necessary prerequisite for cleavage of CHL1 by BACE1. Together, these results strongly support the conclusion that CHL1 is a BACE1 substrate in the brain, and that the axon guidance defects of BACE1 -/-mossy fibers and OSN axons are likely the result of deficient BACE1 processing of CHL1. Interestingly, the nearly indistinguishable axon guidance phenotypes of BACE1 -/-and CHL1 -/-mice suggest that BACE1 deficiency and the consequent decrease in BACE1 processing of CHL1 results in CHL1 loss-offunction.
DISCUSSION
The correspondence between BACE1 deficiency and CHL1 loss-of-function. Previously, we demonstrated that BACE1 is expressed in the terminals of OSN axons in the olfactory bulb, and that BACE1 -/-mice exhibit malformed glomeruli and have mistargeted OSN axons in the bulb (1). These phenotypes indicated that BACE1 has a function in axon guidance, at least in the initial segment of the olfactory system, and they suggested BACE1 might play a role in axon guidance in other parts of the nervous system. To investigate this question, we examined the hippocampus of BACE1 -/-mice, a region of the brain essential for learning and memory. Indeed, BACE1 null mice exhibit memory impairment (16) (17) (18) and seizures (22, 23) , suggesting hippocampal dysfunction. We discovered that the BACE1 -/-mouse has a shortened mossy fiber IPB (Fig. 2) , a part of the hippocampus that closely correlates with memory performance in mouse strains. The IPB consists of mossy fiber axons that originate from granule cells located in the ventral blade of the dentate gyrus. IPB mossy fibers traverse the ventral side of the CA3 pyramidal cell layer before they pass through the cell layer to join other mossy fibers on the dorsal side of CA3 in the stratum lucidum. Mouse strains exhibit strain-specific IPB sizes, and strains that have smaller IPBs do not perform as well on memory tests as do strains that have larger IPBs (35) . Although the physiological basis of the memory performance-IPB length correlation is unclear, we speculate that the relative memory impairment of BACE1 -/-mice may be a consequence of short IPB length, at least in part.
The short BACE1 null IPB suggested a defect in axon guidance, so we initially investigated the potential role of ephrins and Eph receptors, classical axon guidance molecules. Ephrin-Eph receptor signaling causes growth cone collapse and axon repulsion (36) , so a short IPB would be consistent with increased signaling. We chose to examine ephrinB3 and EphA4 because 1) ephrinB3 -/-mice have abnormally long IPBs suggesting ephrinB3 decreases IPB length (38) , 2) a gradient of EphA4 expression in dentate gyrus granule cells establishes a topographic map of mossy fiber projections to CA3 (37), 3) EphA4 was recently identified as a candidate BACE1 substrate in vitro (27) . Although EphA4 is cleaved by BACE1 when overexpressed in HEK293 cells, we found no evidence of physiological EphA4 processing by endogenous BACE1 in the hippocampus (Fig. 3C-E) . BACE1 -/-primary hippocampal neurons exposed to ephrinB3 did exhibit growth cone collapse (Fig. 4) , but it was impaired rather than the enhanced collapse that we predicted based on increased and decreased lengths of ephrinB3 -/-and BACE1 -/-IPBs, respectively. However, axon lengths of BACE1 -/-primary hippocampal neurons were significantly reduced (Fig. 5) , suggesting a potential reason for the short BACE1 null IPB. Although BACE1 -/-ephrinB3-induced growth cone collapse was abnormal, the lack of evidence in support of EphA4 as a BACE1 substrate in vivo suggested that other molecular mechanisms were responsible for the short BACE1 null IPB.
During our study, we became aware of reports that L1 and CHL1 are BACE1 substrates in vivo (28, 29) . Since these molecules are involved in neurite outgrowth (46), we reasoned that the short BACE1 -/-IPB could be the result of L1 or CHL1 loss-of-function. Our examination of the published L1 -/-and CHL1 -/-phenotypes suggested that L1 -/-defects are much more severe than the mild axon guidance errors of the BACE1 null. L1
-/-mice exhibit severe brain deformities including hypoplasia of the hippocampus, corticospinal tract, corpus callosum, and cerebellar vermis, enlarged ventricles, and various behavioral abnormalities (47) (48) (49) . On the other hand, CHL1
-/-and BACE1 -/-phenotypes appear nearly indistinguishable (31, 32) . For example, in addition to short IPBs, CHL1
-/-and BACE1 -/-mice exhibit disorganized mossy fiber bundles, with an increased number of mossy fiber crossovers between the infrapyramidal and suprapyramidal bundles (Fig. 6) . Additionally, both CHL1 and BACE1 null mice have OSN axons that aberrantly connect to more than one glomerulus or terminate in the external plexiform layer of the olfactory bulb (Fig. 7) . Importantly, CHL1 co-localizes with BACE1 in the terminals of mossy fibers and OSN axons (Fig. 9) , and in growth cones of primary hippocampal neurons (Fig. 10) .
Moreover, BACE1 appears to cleave endogenous CHL1 in the hippocampus and olfactory bulb (Fig. 8) . Together, these data strongly suggest that CHL1 is the physiological BACE1 substrate responsible for the axon guidance defects found in BACE1 null hippocampus and olfactory bulb. The remarkable similarity between BACE1 -/-and CHL1 -/-phenotypes suggests that deficient BACE1 cleavage of CHL1 results in CHL1 loss-of-function. Although we cannot exclude the possibility that partial loss of L1 function may also play a role in BACE1 -/-mice, we find this less likely given the severity of the L1 -/-phenotype. CHL1 is cleaved in the juxtamembrane region by the metalloprotease ADAM8, causing secretion of the ~165 kDa CHL1 ectodomain, which is a very potent stimulator of neurite outgrowth and neuronal survival in primary neuron culture (50) . We note that the ADAM8-derived CHL1 ectodomain is very similar in size to the BACE1-dependent CHL1 NTF, indicating that both ADAM8 and BACE1 cleave CHL1 at proximate sites in the CHL1 juxtamembrane region. This conclusion is supported by the identification of the in vitro BACE1 cleavage site between residues 1061 and 1062 of CHL1, a position that is 21 amino acids N-terminal to the CHL1 transmembrane region (28). It is interesting to note that L1 is processed by γ-secretase as well as by the α-secretases ADAM10 and ADAM17(51), suggesting the possibility that CHL1 may also be a γ-secretase substrate.
We hypothesize that both ADAM8 and BACE1-derived CHL1 fragments share similar activities and functions. However, important distinctions between the two fragments could exist regarding their neuronal production and secretion sites, which in turn would determine their sites of biological activity. BACE1 is predominantly localized in endosomes of the soma and the presynaptic terminal (4, 17, 30, 52) , while ADAM8 is likely found on the plasma membrane. We determined that BACE1 and CHL1 co-localize in growth cones and terminals of hippocampal mossy fibers and OSN axons (Figs. 9, 10) . Therefore, production and secretion of BACE1-dependent CHL1 NTF are likely to occur in growth cones and presynaptic terminals, precisely at the sites of CHL1 action for axon outgrowth and guidance. In support of this notion, it is interesting to note that secreted CHL1 ectodomain acts as a potent stimulator of neurite outgrowth in vitro (50) . Notably, CHL1 interacts with Semaphorin 3A during neurite outgrowth and growth cone collapse (53, 54) . Intriguingly, soluble L1 converts Sema3A-induced axonal repulsion into attraction (55, 56) . Given the close similarity between CHL1 and L1, soluble CHL1 may also regulate Sema3A-induced axonal repulsion and attraction. Taken together, these findings suggest that a major function of CHL1 is provided by the secreted CHL1 ectodomain as opposed to membrane-bound CHL1, and that BACE1 deficiency produces CHL1 loss-of-function as a result of decreased CHL1 ectodomain secretion from presynaptic terminals and growth cones.
The implications of BACE1 inhibition for AD. The phenotypes of BACE1 -/-mice, caused by deficient processing of CHL1 and other BACE1 substrates, suggest that BACE1 inhibition for AD may be associated with mechanism-based side effects. In particular, the axon guidance defects observed in BACE1 -/-mice imply the possibility that similar adverse events may occur in adult neurogenic and/or regenerating neural systems as a result of chronic BACE1 inhibition, and therefore add a note of caution to BACE1 inhibitor drug development. This would appear to contraindicate BACE1 as a therapeutic target. However, several arguments suggest that BACE1 inhibitor drugs may be relatively safe in humans. First, the phenotypes of BACE1 null mice, although complex, are relatively mild. In fact, years of analysis were required to uncover the BACE1 null phenotypes. On an outbred or mixed genetic background, BACE1
-/-mice are viable, fertile, and have no apparent phenotype (13, 14) . Only when mice are backcrossed onto an inbred genetic background (e.g., C57BL/6) do phenotypes become noticeable (21) . This suggests that modifier genes in specific genetic backgrounds contribute to BACE1 null phenotypes. In addition, BACE1 null phenotypes arise only in the BACE1 -/-homozygotes, equivalent to 100% BACE1 inhibition, but not in BACE1 +/-heterozygotes. Based on AD mouse model studies, it is hypothesized that 50% BACE1 inhibition is necessary to delay or prevent amyloid deposition (17, 57) . Finally, many if not all the BACE1 null phenotypes may be related to development in the absence of BACE1, while the fully developed adult may not require BACE1 activity. Future experiments with conditional BACE1 -/-mice will be necessary to address this question. Although the BACE1 phenotypes are a note of caution moving forward, the points discussed above offer the hope that partial BACE1 inhibition in the genetically outbred adult human population may result in relatively few mechanism-based toxicities. Given the devastating effects on individuals with AD, accepting a modicum of side effect risk may be acceptable to provide benefit for this debilitating and ultimately fatal neurodegenerative disease. D) are shown. Note that the length of the BACE1 -/-IPB is markedly shorter than that of the BACE1 +/+ IPB (distances between the red arrows). Scale bar in D = 250µm for A-D. (E) The lengths of the IPBs were determined using a freeform line measurement in ImageJ beginning at the point where the pyramidal cell layer ends and ending with the most distal point of continuous synaptoporin labeling inferior to the pyramidal cell layer. IPB lengths were normalized using a measurement of the distance from the beginning of the suprapyramidal bundle to the distal end of the stratum lucidum (slu), and the ratios were averaged across three sections per brain (E). The IPBs of BACE1 -/-mice were significantly shorter than those of BACE1 +/+ mice: 0.42±0.020 vs. 0.57±0.011 normalized length (error bars = SEM; n = 7; *** p<0.0001). -/-mice. 40µm coronal sections from BACE1 +/+ (A) and BACE1 -/-(B-E) mice were immunostained for synaptoporin (green) and examined for abnormalities in morphology by confocal microscopy. Mossy fibers travel in two bundles, the suprapyramidal bundle (SPB) and infrapyramidal bundle (IPB), above and below the pyramidal cell layer (pyr), respectively, before the IPB crosses the pyramidal cell layer to terminate in the stratum lucidum. In wild-type mice, the pyramidal cell layer is typically clear of mossy fiber axons along the majority of the region bordered by the SPB and IPB (dotted lines in A). In contrast, BACE1 -/-mice exhibit large groups of mossy fibers from the IPB that invade and/or cross the pyramidal cell layer prior to the termination of the IPB, often obscuring the pyramidal cell layer (arrowheads in B-E). These BACE1 null IPB defects are similar to those exhibited by CHL1 -/-mice (compare to Fig. 3A 
BACE1
+/+ and BACE1 -/-mice, homogenized, and subjected to immunoblot analysis using an anti-N-terminal CHL1 antibody. A significant increase in ~180kDa full length CHL1 (CHL1 FL) can be seen in BACE1 -/-P7 and Adult hippocampus (A) and the olfactory bulb (B). Additionally, a ~160 kDa BACE1-specific CHL1 fragment (CHL1 β-NTF) is present just below the CHL1 full-length band in BACE1 +/+ samples, but is diminished or absent in BACE1 -/-homogenates (A, B). Note the presence of a third band between CHL1 FL and CHL1 β-NTF bands in Adult BACE1 +/+ hippocampus that may represent an alternative CHL1 splice variant or glycosylated isoform (A, right panel). (C) The ratio of CHL1 β-NTF to full length CHL1 is significantly increased in BACE1 +/+ hippocampus and olfactory bulb homogenates compared to those of BACE1 -/-, indicating that CHL1 is a substrate of BACE1 in both the postnatal and adult hippocampus and olfactory bulb. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. +/+ (top two rows) and BACE1 -/-(bottom row) littermates were grown in low-density cultures on glass coverslips for 18 hours, fixed, incubated with antibodies against BACE1 (red) and CHL1 (green), and stained with rhodamine-labeled phalloidin (blue) to visualize F-actin in growth cones, and imaged with confocal microscopy. In wild-type neurons, punctate BACE1 immunostaining is concentrated in the central region of the growth cone that appears continuous with the axon (BACE1, top two rows). Although CHL1 immunostaining is distributed throughout the growth cone (CHL1, top two rows) and overlaps with phalloidin (Merge), CHL1 is also concentrated in the central region of the growth cone. Note the significant overlap of BACE1 and CHL1 in the growth cone central region (arrows, yellow/orange in BACE1/CHL1, top two rows). Phalloidin-stained F-actin in the expanding growth cone co-localizes with CHL1 only (cyan) as well as CHL1 and BACE1 (white) in Merge. BACE1 -/-growth cones do not appear to have abnormal morphology or CHL and F-actin localization (bottom row). Scale bar = 5µm for all frames. 
